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Abstract




p reaction developed earlier is extended





(1520) as intermediate baryonic states and the -
meson as an intermediate 2 resonance. Although many terms con-
tribute to the cross section, some channels exhibit particular sensitivity
to certain mechanisms of resonance excitation or decay and the reac-
tions provide novel information on such mechanisms. In particular the
N ! N

(1520)!  process aects all of the channels and is a key
ingredient in the interpretation of the data. Comparison is made with
all available data and the agreement is good in some of the channels.
The remaining discrepancies is some other channels are discussed.
1
1 Introduction.
There are three possible double pion photoproduction reactions on the proton,





























These reactions have been extensively studied experimentally in the past
([1, 2, 3, 4, 5, 6, 7]). New improvements in experimental techniques and facili-
ties have reopened the study of these reactions at Mainz, with two experiments
on the proton [8, 9].
From the theoretical point of view, only the reaction (a) has been studied
with one early model [10] which considers only 5 Feynman diagrams, and a





intermediate baryonic states and the -meson as intermediate 2-resonance.
This model reproduces fairly well the experimental cross sections below E

=
800MeV , and the invariant mass distributions even at higher energies.
On the other hand, the double pion photoproduction reactions on nucleons
has been also studied at threshold from the point of view of chiral perturbation
theory [12, 13]. In ref. [12] they show that due to nite chiral loops the cross
section at threshold for nal states with two neutral pions is considerably
enhanced.
Thus, with these reactions becoming a target of new experimental and





reaction in nuclei [14] (in analogy to those already found for the (; 2) reaction
[15, 16]), a thorough theoretical study of the N ! N reaction is timely
and opportune.
In this work, we have slightly improved the model of reference [11], and
have extended it to the other isospin channels of Eq. (1). The model is based
on the coupling of photons and pions to nucleons and resonances using eective
Lagrangians and thus leading to a set of Feynman diagrams at the tree level.
2 The model for the N ! N reaction.









p isospin channel we follow strictly the model of ref. [11],





order to reproduce the new branching ratios of the last Review of Particle
Properties [17] (see Appendix A of the present paper for Lagrangians and
couplings constants), and we have also improved the N

(1440) propagator,
modifying the energy dependence of the width to account explicitly for the
N

(1440) decay into one and two pions.
2
We classify our diagrams in one point, two point and three point dia-
grams, according to the number of vertices in the baryonic lines (see Fig.
1). Our basic components are pions, nucleons and nucleonic resonances:

















; I = 1=2). The
N

(1520) has a particularly large coupling to the photons and proves to be an
important ingredient, mostly due to its interference with the dominant term
of the process, the N !  transition through the gauge Kroll-Ruderman
term. Higher resonances have a weaker coupling to photons and do not in-
terfere with the dominant term, hence their contribution is small, at least for
photon energies below 800 MeV , Mainz energies, where our model is supposed
to work. Because of the important coupling of the -meson to the two pion sys-
tem and the  system we have also considered terms involving the -meson.
These terms are only relevant at high energies but show up clearly in the two
pion invariant mass distributions at these energies [11]. With these considera-
tions, the basic diagrams which we consider have the structure shown in Fig.1.
In diagram (a) and (b) the one point NN coupling stands for the s-wave
N interaction. We consider there only the isoscalar part of the amplitude.
The isovector part is mediated by  exchange [19] and hence it is explicitly
taken into account in diagrams (f) and (h). Diagram (c) contains the gauge
term NN or Kroll-Ruderman term. We use a pseudovector coupling for the
NN vertex and this allows us to consider exclusively positive energy inter-
mediate states in the hadronic propagators [20]. In the two point and three
point diagrams we include nucleon and the resonances as intermediate states.
However, while all possible diagrams with N and (1232) intermediate states
are considered, we omit some with N

(1440) intermediate states which are
very small. For the N

(1520) intermediate states we keep only the term which
interferes with the dominant term of the amplitude ((1232) Kroll-Ruderman
term). In addition, all dierent time orderings of the diagrams are considered.
The diagram (g) involves a gauge term  coming from minimal cou-
pling in the  vertex which contains a derivative coupling. The diagram (i)
involves the  vertex which appears in the  !  decay. Finally diagram
(j) contains the anomalous coupling 3 [21].
The Feynman diagrams considered and detailed calculations can be found
in ref. [11].
In spite of the small contribution of the N






p (less than 2% [11])
1
, in order to be consistent we have revised
the value of the coupling constants involving the N

(1440) so that one may t
the new branching ratios of ref. [17] (see Appendix A of the present paper for
coupling constants). This updating gives us very small dierences compared
to the values given in ref. [11].
The main change appears in the N

 coupling constant due to the fact
1
However, for the case of photo-production of two neutral pions, the contribution of
these terms is more relevant (between 10% and 60%, depending on the energy), thus it is
important to treat them carefully.
3
that in the study of the decay of N

(1440) into  of ref. [11] we considered
the (1232) as a stable particle. Now we modify this in order to take into
account the nite width of the (1232). The fact that the (1232) width
is not small compared to the mass dierence between the N

(1440) and the
(1232) makes this correction advisable.
Making use of the Lagrangian (A.7), the decay width in the c.m. system
of the N

(1440) into , considering the (1232) as a stable particle (zero











































are the pion, (1232) and N

(1440) masses respectively;















are the (1232) and pion energies.
In order to account for the nite (1232) width, we have to replace the



























) is the delta decay width. With this modication, and using
for  





= 2:07 after tting the
N

(1440) decay width to the average experimental value (350 MeV )[17].































































we have included in the N

(1440) decay width, both the decay into N and
N. We take a fraction of 65% for the decay into N [17], and the other 35%
into N going through the  channel. The small fraction of the decay into
the N(, I = 0, s-wave) channel (5-10%)[17], and the fact that the energy
dependence of the 2 decay channel is largely given by phase space, justies
including this fraction of the decay into the  channel for the sole purpose
of providing the energy dependence of the N

(1440) width.
Apart from these small changes in the N

(1440) terms, the main im-
provement of the model of ref. [11] is coming from the modication of the
N

(1520) coupling. In ref. [11] we took the simplest Lagrangian compati-





























stand for the N

(1520), pion and (1232) elds (N
0
stands for the N

(1520) in the formulae from now on); T

is the transition































is the coupling constant, that we xed from the data of N

(1520)
decay into  of ref. [18]. The sign however was chosen such as to have
constructive interference. With the chosen sign the agreement with the data
was relatively good, while with the opposite sign the discrepancies were about
a factor of two and the qualitative features of the experiment were not repro-
duced [11].
Here, it is important to note that the N

(1520) can decay into  both
in s-wave and d-wave [17]. However, the Lagrangian of Eq. (5) gives only the
decay into s-wave, not d-wave
2
. Then, we have modied the Lagrangian of








































































are the ordinary spin matrices for a spin 3=2 object, and ~q is the





































































to the decay branching
ratios of ref. [17] (8.5% for s-wave and 12% for d-wave). Obviously, there are















































In the previous version of the Review of Particle Properties [18], there were not branch-
ing ratios to s-wave and d-wave, and only the total decay into  was given. Thus, in ref.
[11] we assumed that all the decay was through the s-wave, and we neglected the d-wave.
As the fraction of decay into the d-wave is even bigger than into the s-wave [17], corrections
to the coupling of Eq. (5) must be now implemented. The inuence of these changes in the
results for the N ! N reaction, although not large, certainly help to improve agreement
with the data, as we shall see.
5
from these four solutions, we chose the second one that it is the only one which
ts the experiment, as one can see in Fig. 2. The other three underestimate
the experiment by a large amount.
2.2 The others isospin channels.





case, changing the isospin factors and introducing some terms which are only
relevant in the case of neutral pions (although their inuence in the cross
sections is small). However, we have neglected some Feynman diagrams which
were found to be very small in [11]. The Feynman diagrams that we take into
account are shown in Fig. 3, where all possible charge combinations allowed
by charge conservation have to be implemented for each isospin channel. In
the case of neutral pions and neutral deltas some of the diagrams in Fig. 3
are automatically zero. For instance, diagrams (c) and (d) of Fig. 3 with the
photon attached to a neutral pion are zero.
Nevertheless, some remarks are necessary for these isospin channels: When
in the diagrams of Fig. 4 (a) and (b) we evaluate the contribution from
the intermediate states of negative energy we get an extra contribution with
the same structure as the Kroll-Ruderman term [20]. In the case of charged
pions, we have neglected this contribution due to the fact that it is very small
compared with the Kroll-Ruderman terms. However, for the neutral pions, as
there is not Kroll-Ruderman term, this contribution has to be considered and






















































k ) are the four-momentum of the in-
coming nucleon, the outgoing nucleon, the pion and the photon respectively.






































is the third component of the isospin Pauli matrices:
hpj
3
jpi = 1 hnj
3
jni =  1 (16)
6
The advantage of expression (14) is that it allows us to generalize it to the
case where we have a N

(1440) or a (1232) in the nal state by the following
method: for the N
















C ~  ~" (17)
For the (1232) case we replace the coupling constant NN (f) by the
N coupling constant (f

) and the ~ and 
3
operators by the transition spin
an isospin operators from 1=2 to 3=2 objects (with the normalization given by



























of Eqs. (14), (17) and (18)
are diagrammatically represented with the same Feynman graphs as the cor-
responding Kroll-Ruderman terms with charged pions in Fig. 3.
The eective Lagrangians needed for the evaluation of the Feynman dia-
grams and the corresponding coupling constants are given in appendix A. The
corresponding Feynman rules are given in Appendix B of ref. [11].
3 Results and discussions.
In Figs. 5 to 10 we show the total cross sections for all the isospin channels,





(1520) and (770) as intermediate states (in ref. [11]
we also showed dierential cross sections and invariant-mass distributions for




p channel). We show results up to E

= 800 MeV , where the
new experiments at Mainz concentrate.
The isospin channels with one ore two charged pions in the nal state are
shown in Figs. 5, 6, 8 and 9. We observe that the (1232) terms (short-
dashed lines) are dominant in these isospin channels. Essentially the (1232)
Kroll-Ruderman and (1232) pion-pole terms (diagrams (i) and (k) of Fig.
3) are the more important terms. The non resonant terms (short-dash-dotted
lines) are much smaller and they provide a small background which grows up
moderately as a function of the energy. The N

(1520) contribution (long-
dashed lines) by itself is also small compared to the (1232) one, but it is
essential to reproduce the total cross section due to its interference with the
(1232) Kroll-Ruderman term as we already remarked in ref. [11]. This
interference occurs only between the (1232) Kroll-Ruderman term and the
s-wave part of the N

(1520) contribution. Since now part of the N

! 
decay is due to d-wave, the interference eects are smaller than in ref. [11]
where all the N

(1520) !  decay was associated to s-wave. This has as
7
a consequence a better agreement of theory with experiment than in ref. [11]
(see Fig. 5 here in comparison with Fig. 5 of ref. [11]). The -terms are
negligible at these energies, but they show up clearly at higher energies (see
ref. [11]). Contributions from other terms are still smaller.
For the isospin channels with two neutral pions in the nal state things are
rather dierent (see Figs. 7 and 10). In these cases a lot of terms vanish due to
the fact that the photons can not couple to neutral pions. In particular, there
are no Kroll-Ruderman and pion-pole terms. Thus, the total cross section
for these isospin channels is much smaller than the cross section for the other
isospin channels. Furthermore, terms that in the other isospin channels are
very small become important in these isospin channels.
In Figs. 7 and 10 we can see that, except by the contribution from N-
intermediate states (short-dash-dotted lines) which is very small, the other
contributions are all of them relevant. Below 500 MeV we can see that the
N

(1440) (long-dash-dotted lines) dominate the reactions. At 500 MeV the
(1232) (short-dashed lines) and the N

(1520) (long-dashed lines) start to
grow up, and around 600 MeV all these diagrams have similar strength. At
600 MeV the N

(1440) contribution starts to fall down, and the N

(1520)
and (1232) dominate the reaction. The N

(1520) contributions peaks at 720
MeV (it is responsible of the peak of the total cross sections) and from this
energy on it falls down, while the (1232) contribution continues growing up
moderately.
It is worth noting that, in these cases, the N

(1520) contribution is impor-
tant by itself, and not only by its interference with other terms as it happens
in the isospin channels with one or two charged pions, and again it is essen-
tial to reproduce the peak of the cross section around 700 MeV . To further
stress the role of the N

(1520) resonance, we plot in Fig. 11 the results for




p cross section using the four possible combinations of Eq. 11
for the s- and d-wave couplings. We see that the curve (b) is clearly favoured





reaction. This provides further support for our choice of amplitudes in the
N

(1520) !  decay.
For the total cross sections, in Figs. 5 to 10 (solid lines) we can see a
remarkable agreement with the experiment in some isospin channels, and some
discrepancies in others.




p channel (Fig. 5) we reproduce quite well the total
cross section up to E

= 800MeV (we also reproduce invariant mass distribu-
tions even at higher energies [11]).




n channel (Fig. 6) we have found an important dis-
crepancy between our calculations and the experimental data. It is very easy




n cross section from
isospin coecients. As we have already said, the photoproduction of one or
two charged pions is dominated by the (1232) Kroll-Ruderman and (1232)




p channel, these terms with a 
++
in the








p case with a 
0
in the intermediate state, this factor is
p
2=3.




n channel is around




p one (this relation is not exact because
there are other terms with dierent isospin coecients that also contribute).
As we can see comparing Figs. 5 and 6 this relation is approximately satised.




p channel (Fig. 7) we can see a good agreement with the
experimental data above 650 MeV , but our results are below the experimental
ones for E

< 650MeV . However, we are instructed that in a recent reanalysis
of the data for this channel, the rst point in Fig. 7 is eliminated and the
next three are reduced in size [22] and then our results would be in better
agreement with these modied data. We should also mention that there are
already preliminary results for this channel from the TAPS collaboration [9]
which are so far in rough agreement with the modied DAPHNE data [22],
but we should wait to see their denitive results.




n we can see in Fig. 8 that we approximately re-
produce the experimental data below 600 MeV , but above this energy our
model overestimates the experimental data. The position of the peak is also
reproduced.




p isospin channel (Fig. 9), we observe some discrep-
ancies with the experimental results [3, 4]. At energies below 700 MeV we
underestimate the experimental data around a factor two, and at higher ener-
gies these discrepancies decrease.









p reaction, we should point out that the results of the same




p channel are in clear contradiction with the
experimental results of ref. [1, 8]. One should then be cautious and wait for
new measurements in these channels before extracting any conclusion from the
present discrepancies of our model with these data.





for which there are not yet any experimental data.
4 Conclusions.
We have constructed a model for the N ! N reaction extending the model




p reaction to the rest of the isospin channels, in-





Our model reproduces quite well the experimental results of refs. [1, 8, 9] be-
low E















For the isospin channels on the neutron we have found also some discrepancies
with the old data of refs. [3, 4], but as we have already mentioned, these
experiments should be improved.
As we already observed in ref. [11] the reaction is dominated by the
(1232) Kroll-Ruderman and (1232) pion-pole terms, but we get an appre-
9
ciable contribution from other terms. In particular we have shown the crucial
importance of the N

(1520) terms. In the isospin channels with one or two
charged pions in the nal state, the N

(1520) contribution is small compared
with the (1232)-terms, but it shows up clearly in the total cross section due
to its interference with the (1232) Kroll-Ruderman term. For the cases with
two neutral pions in the nal state the dominant terms in the other isospin
channels vanish, and the contribution of the N

(1520) terms is bigger than
the contribution of the (1232).
One of the interesting ndings was the possibility to extract information
on the coupling constants for N

(1520) decay into . The interference of the
N

(1520) excitation term, followed by  decay, with the dominant (1232)




p channel allowed us to determine
the sign of the couplings for the s-wave and d-wave in the N

(1520) ! 
decay, when the absolute values given by the branching ratios were used. We
also observed that the same choice of amplitudes gave rise to a fair agreement




p channel while the other possible choices gave rise to
cross sections in sheer disagreement with the data. While in the n channels
there are reasons to expect that the data will change when new experiments





channels is puzzling. For the moment we can not envisage a solution to this
problem. Alternative experiments would be in any case most welcome.
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(1520), (770) and photon elds, re-
spectively; m and  are the nucleon and pion masses.
For the  coupling we write directly the vertex contribution to the





























is the ordinary spin matrices for a spin 3=2 object, ~p and ~p
0
stand
for the initial and nal delta momentum respectively, and
~





are the magnetic moment and charge of the delta; m

is the delta mass.
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The coupling constants are listed below.
Coupling constants:































































































The magnetic moment of the (1232), 

, can be calculated in the quark






=e. We shall use this result, except for
the 
++
where we shall use the experimental value 

++
= (1:62  0:18)
p


























































































































are the momenta of the photon, incident proton, outgoing proton and the




are the azimutal and polar angles
of ~p
4




is the angle of ~p
5
with the z direction dened
by the incident photon momentum
~
k. T is the invariant matrix element for
the reaction. We reproduce this formula here since in Eq. (2) of ref. [11] there
was a misprint and d
5
should have been dcos
5
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Figure captions:
Fig. 1: Classication of the Feynman diagrams into one point, two point
and three point diagrams. Continuous straight lines: baryons. Dashed lines:
pions. Wavy lines: photons and -mesons (marked explicitly).





































































Fig. 4: Feynman diagrams for the N ! 
0
N amplitude.




p reaction. Continuous line:
total cross section. Short-dashed line: contribution of (1232)-intermediate
states. Long-dashed line: contribution of N

(1520)-intermediate state. Short-
dash-dotted line: contribution of N -intermediate states. Long-dash-dotted
line: contribution of -intermediate states. Short-dash-long-dashed line: rest
of the diagrams. Experimental data from refs. [1, 2, 3, 4, 8].





ous line: total cross section. Short-dashed line: contribution of (1232)-
intermediate states (diagrams (i)-(o) of Fig. 3). Long-dashed line: contri-
bution of N

(1520)-intermediate state (diagram (p) of Fig. 3). Short-dash-
dotted line: contribution of N - and -intermediate states (diagrams (a)-(h) of
Fig. 3). Long-dash-dotted line: contribution of N

(1440)-intermediate states
(diagrams (q)-(t) of Fig. 3). Experimental data from ref. [8].




p reaction. Continuous line:
total cross section. Short-dashed line: contribution of (1232)-intermediate
states (diagrams (i)-(o) of Fig. 3). Long-dashed line: contribution ofN

(1520)-
intermediate state (diagram (p) of Fig. 3). Short-dash-dotted line: contribu-
tion of N -intermediate states (diagrams (a)-(g) of Fig. 3). Long-dash-dotted
line: contribution of N

(1440)-intermediate states (diagrams (q)-(t) of Fig.
3). Experimental data from ref. [8].





ous line: total cross section. Short-dashed line: contribution of (1232)-
intermediate states (diagrams (i)-(o) of Fig. 3). Long-dashed line: contri-
bution of N

(1520)-intermediate state (diagram (p) of Fig. 3). Short-dash-
dotted line: contribution of N - and -intermediate states (diagrams (a)-(h) of
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Fig. 3). Long-dash-dotted line: contribution of N

(1440)-intermediate states
(diagrams (q)-(t) of Fig. 3). Experimental data from refs. [3, 4].





ous line: total cross section. Short-dashed line: contribution of (1232)-
intermediate states (diagrams (i)-(o) of Fig. 3). Long-dashed line: contri-
bution of N

(1520)-intermediate state (diagram (p) of Fig. 3). Short-dash-
dotted line: contribution of N - and -intermediate states (diagrams (a)-(h) of
Fig. 3). Long-dash-dotted line: contribution of N

(1440)-intermediate states
(diagrams (q)-(t) of Fig. 3). Experimental data from refs. [3, 4].





ous line: total cross section. Short-dashed line: contribution of (1232)-
intermediate states (diagrams (i)-(o) of Fig. 3). Long-dashed line: contribu-
tion of N

(1520)-intermediate state (diagram (p) of Fig. 3). Short-dash-dotted
line: contribution of N -intermediate states (diagrams (a)-(g) of Fig. 3). Long-
dash-dotted line: contribution of N

(1440)-intermediate states (diagrams (q)
and (t) of Fig. 3).



































=  1:03; (d) ~g
N
0

=  0:18,
~
f
N
0

= 0:19.
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